From a group of 436 Drosophila mnelanogaster cDNA clonesi we selected 39 that are expressed exclusively or predominantly in the adult visual system. By sequence analysis, 20 of the clones appear to represent previously unreported distinct cDNAs. The corresponding transcripts are detected in the retina and optic lqbes. The genes are scattered throughout the genome, some near mutations known to affect eye function. One of these clones has been identified, by sequence analysis, as the structural gene (Arr) for a Drosophila homolog of human arrestin. Vertebrate arrestin interacts with rhodopsin in phototransduction and has been associated with an autoimmune form of uveitis in pimates. The presence of an arrestin homolog in Drosophffa suggests that both the vertebrate and invertebrate phototransduction cascades are regulated in a similar manner.
expressed in head than in body. Seven of these were shown to be eye-specific, including the genes for opsin Rh3, transient receptor potential (trp), and neither inactivation nor afterpotential C (ninaC); (2-4). Shieh et al. (5) identified eye-specific genes using, as a probe, total wild-type head cDNA that was subtracted with poly(A)+ RNA from bodies and heads of the mutant eyes absent (eya). The eya mutation removes the eyes and reduces the optic lobes but leaves the light-detecting ocelli intact (6) . Their screen identified many eye-specific genes, including ninaA, a cyclophilin homolog (5) , and an eye-specific protein kinase C (7) .
Recently, 436 Drosophila cDNA clones corresponding to genes expressed predominantly in the head but not in the early embryo were isolated, and their expression patterns described (8) . Comparison of Northern (RNA) blots of RNA from wild-type and from eya heads led to the identification of 39 clones, described here, that correspond to mRNAs expressed in wild-type but reduced in eya heads. By DNA sequencing, we have identified 20 of the clones as being cDNAs that are distinct from each other and do not correspond to previously reported cDNAs. In addition, four previously sequenced genes expressed in the retina were also found in our collection, some more than once, confirming the validity of the approach. One of the new clones 11 corresponds to a Drosophila gene with strong sequence similarity to the vertebrate phototransduction molecule arrestin. The Drosophila arrestin gene has been independently cloned by Smith et al. (9) .
MATERIALS AND METHODS
DNA Purification, Isolation of RNA, Northern Blots, and Southern Blots. These were performed as described (8 (10) . Over 50,000 plaques were screened for each clone tested. Positives were picked, replated, reprobed, plaque purified, and confirmed by Southern blots. Genomic clones were isolated from the Maniatis Drosophila genomic library (11) .
Tissue in Situ Hybridization. Third instar larvae, prepupae, or adult flies were frozen in Tissuetek OCT embedding compound on dry ice and equilibrated at -20'C. Frozen sections were cut at 6 Am and processed for hybridization by the method of Hafen and Levine (12) , omitting the Pronase step. Nick-translated, 3H-labeled DNA probes were prepared with all four nucleotides labeled to a specific activity of about 5 Identification ofPreviously Reported Genes. The 39 putative visual system cDNAs were tested for homology with previously cloned eye-specific genes. Eleven hybridized with the Drosophila gene ninaE (structural gene for opsin Rh]) (13, 14) , two hybridized to opsin Rh4 (15) , and one each with clones 549 and 557 of Levy et al. (1) . The fact that our screen for eye clones detected these previously identified eyespecific molecules demonstrated the effectiveness of the screening procedure. Our failure to detect opsin Rh2 was consistent with the fact that it is expressed only in the ocelli (16) (17) (18) , which are intact in the eya mutant.
Sequence Analysis Identifies Other Distinct cDNAs. We sequenced 25 clones that did not cross-hybridize with ninaE. Each contained a poly(A)+ stretch corresponding to the 3' end of a directionally cloned transcript and a consensus identified RNAs that were not expressed until the 75-hr pupa, and eleven were not expressed until even later.
Tissue in Situ Hybridization. The distributions of the endogenous mRNAs were analyzed on cryostat sections of normal adult heads, and the results for 13 of the eye clones are given in Table 1 . One common pattern was expression of RNA in the retina only, consistent with Northern blots of RNA from the eya mutant. Another pattern is demonstrated by clone 7F10, which shows expression in the retina and the entire cortex of the adult brain. This pattern is consistent with the Northern blot; the eya mutant gives a reduced, but positive signal, presumably due to brain expression.
Molecular Analysis of Clone 3H10. Clone 3H10 demonstrated an expression pattern consistent with a role in phototransduction. The RNA bloomed in the late pupa, when the light-gathering rhabdomeres are assembled and begin to function, and when known phototransduction genes begin to be expressed (3, 13, 21) . The in situ hybridization on tissue showed that it was expressed in the compound eyes and ocelli of the adult and also in the larval photoreceptor organ (Fig. 2) . Although the larval photoreceptor organ represents too little tissue to give a positive Northern blot under the conditions used, in situ hybridization did reveal a strong local signal.
By using the original 0.4-kb 3H10 cDNA as a probe, we isolated a 1.4-kb cDNA (3H10-1) that corresponded to the size of the transcript detected on Northern blots. We also isolated genomic clones. Genomic clones were digested and hybridized to cDNA 3H10-1 to identify a 9.0-kb Xba I fragment that contained the entire cDNA 3H10-1 sequence. The cDNA clones 3H10 and 3H10-1 and the genomic Xba I fragment were sequenced (Fig. 3) . Comparison of the cDNA to genomic DNA revealed that the gene contains three introns of 419, 233, and 60 base pairs (bp), all demonstrating the consensus GT at the 5' end of the intron and AG at the 3' end. The methionine initiation codon at nucleotide position 390 is the first methionine in the open reading frame and shows a 7 of 9-bp identity with the consensus translational initiation site (23) . Based upon primer-extension experiments (data not shown), a major putative transcription start site has been mapped to the thymidine at position 272 and a minor start site at position 268. The putative TATA box is located at nucleotide positions 241-246. Beginning at position 200 is a conserved 11-bp sequence that corresponds to a consensus sequence found upstream of the coding regions of several genes that are expressed specifically in photoreceptor cells (22) . At the 3' end of the transcription unit, a putative polyadenylylation sequence (positions 2387-2393) is positioned 19 bp upstream of the poly(A) region.
The 31110 Gene Has Structural Similarity to Vertebrate Arrestin. The Drosophila 3H10 cDNA sequence was used to search the GenBank data base. The sequence is similar to the cDNA reported for the bovine phototransduction molecule arrestin (24) and a similar molecule isolated from a human retina cDNA library (25) . Fig. 4 illustrates a comparison of the predicted Drosophila and human arrestin primary amino acid sequences. The amino acid sequences are 45% identical. In addition, 12% are conservative changes. Fig. 5 illustrates that the molecules are also closely colinear. We will designate the Drosophila arrestin gene by the symbol Arr.
DISCUSSION
Molecular screening offers several advantages over screening for mutations affecting specific traits. Traits that are lethal or too subtle to be recognized as anatomical, physiological, or behavioral changes, might escape detection genetically.
Because all features of the visual system might be expected to be related to one or more RNA species expressed at distinct phases in development, a molecular approach should provide a more comprehensive picture. It also avoids the often time-consuming steps needed to clone a gene identified by mutation. A potential drawback, however, is that some of the transcripts we have identified may not be necessary for visual system function.
As judged by DNA sequencing, cross-hybridization, and similar map positions, our screen for cDNA clones has identified some of the same genes as the genomic clones found by Shieh et al. (5) . The , personal communication) . Moreover, many of the genes are represented by a single clone. Thus, it is clear that many more eye-specific genes remain to be found. In certain cases, tissue in situ hybridization analysis proved more sensitive than Northern blots. This can be true when the gene is expressed in a relatively small number of cells, as is the case for the cDNAs expressed in the larval photoreceptor organ (Fig. 2) . The organ consists of only two dozen photoreceptor cells in the anterior of the animal, and RNA extracted from whole larvae will contain only a small contribution from these cells.
Based upon their sequence similarity and tissue-specific expression, the Drosophila Arr gene product and vertebrate arrestin may be functional homologs, both molecules negatively regulating the transduction process. Data suggest that bovine arrestin binds to phosphorylated metarhodopsin II, thus inhibiting the transduction cascade (26, 27) . Rhodopsin in flies is also phosphorylated upon light activation (28, 29) , which further suggests that Drosophila arrestin and rhodopsin binding may be similar to vertebrates. It is of interest to note that the Drosophila homolog lacks the 31 C-terminal amino acids of human arrestin, suggesting that this segment does not have a necessary function, or that the truncated Drosophila molecule functions by a slightly different mechanism than the vertebrate molecule.
Several Drosophila visual system-specific genes show sequence similarity with genes from vertebrate species, reflecting possible similarities in function. The phototransduction cascade is initiated by the absorption of photons by chromophores bound to opsin proteins. The opsin molecules have both Drosophila and vertebrate counterparts (13, 14, 30) . The identification of a Drosophila arrestin molecule makes it possible to examine the regulation of the invertebrate phototransduction cascade, which may improve our understanding of the process in vertebrates. The availability of many distinct eye-specific Drosophila cDNAs will allow us to investigate the extent to which these molecules are conserved between species.
Recently, a technique for accessing the function ofthe gene corresponding to a cDNA clone has been developed for the Drosophila system by Ballinger and Benzer (31) and Kaiser and Goodwin (Kaiser, K. and Goodwin, S. F., personal communication). The technique consists of creating large numbers of mutant flies with P element insertions. Individual flies with transposon inserts in or near the cloned gene of interest are identified by polymerase chain reaction amplification by using oligonucleotide primers derived from the sequences of the P element and the cDNA in question. This method can be applied to the clones described here; this may allow use of the fly system to identify the functions of conserved genes through specific mutations.
